Objective: The extracellular matrix (ECM) determines the structural integrity of the heart and vasculature, participating in cardiovascular remodeling. We previously reported that adrenomedullin (AM) inhibited cellular proliferation and protein synthesis of cardiac fibroblasts; however, the precise mechanisms of AM actions as an antifibrotic factor remain unknown. The purpose of this study was to examine the biological actions of AM against the profibrotic factor angiotensin II (Ang II) in coronary adventitia. Methods and results: Rats with hypertension induced by Ang II infusion were administered 0.06 Ag/kg/min recombinant human AM subcutaneously for 14 days. The AM infusion significantly ( pb0.05) reduced the Ang II-induced increase of coronary adventitial fibroblasts expressing Ki-67 and a-smooth muscle actin (a-SMA) in the left ventricle, by 65%, and 62%, respectively, without affecting systolic blood pressure, left ventricle/body weight, or cross-sectional area of myocardial fibers. Collagen deposition of coronary arteries was reduced by the AM infusion (À24%, pb0.01), and these effects of AM were accompanied by significant reductions in gene expression of type 1 collagen (À49%, pb0.05) and transforming growth factor-h1 (TGF-h1) (À55%, pb0.01). In cultured cardiac fibroblasts, 10 À7 mol/L AM exerted an inhibitory effect on TGF-h1-induced a-SMA expression ( pb0.01) that was mimicked by 8-bromo-cAMP and attenuated by the protein kinase A inhibitor H-89. Conclusion: AM decreased Ang II-induced collagen deposition surrounding the coronary arteries, inhibiting myofibroblast differentiation and expressions of ECM-related genes in rats. The present findings further support the biological action of AM as an antifibrotic factor in vascular remodeling.
Introduction
Cardiac fibrosis is an important clinical disorder leading to deleterious consequences for myocardial function such as systolic and diastolic heart failure [1] . Particularly, thickening of the adventitia surrounding intramyocardial coronary arteries, where extracellular matrix (ECM) first accumulates in response to systemic hypertension, has been thought to reduce oxygen and nutrient supply to the myocardium, resulting in deterioration of ventricular function [2] . Emerging concepts of vascular remodeling underline the importance of the ECM scaffold in the vessel wall. The activated adventitial fibroblasts, known as myofibroblasts characterized by a-smooth muscle actin (a-SMA) expression, play important roles in the pathological vascular remodeling [3, 4] . Therefore, both understanding of the regulation of fibroblast activation and the development of effective pharmacological intervention to manipulate fibroblast function are necessary to attenuate adverse remodeling.
A body of evidence suggests that the renin-angiotensin-aldosterone system is an important factor in progression of myocardial and vascular fibrosis accompanied by upregulation of transforming growth factor-h1 (TGFh1) [5] [6] [7] . TGF-h1 induces a phenotypic change of fibroblasts to myofibroblasts in hypertensive heart disease, coronary restenosis following angioplasty, and in the healing process after myocardial infarction [8, 9] . Blockage of TGF-h1 signaling was indeed reported to prevent fibroblast proliferation and diastolic cardiac dysfunction [10] .
Adrenomedullin (AM), initially isolated from human pheochromocytoma [11] , has been reported to have multiple functions in the cardiovascular system [12] . We and others have previously reported that AM inhibited proliferation and collagen synthesis induced by angiotensin II (Ang II) in cardiac fibroblasts of neonatal rats in vitro [13, 14] , suggesting a possible role of AM in attenuating cardiovascular remodeling. However, the precise mechanism by which AM acts as an antifibrotic factor in vivo remains to be elucidated.
Based upon previous studies, we hypothesized that activation of adventitial fibroblasts would result in coronary matrix remodeling in rats infused with Ang II and that pharmacological intervention with AM would lead to attenuation of perivascular fibrosis by modulating fibroblast function. Our aim in this study was to examine the biological action of AM against the profibrotic factor Ang II in coronary adventitia of rats.
Methods

Animals experiments
Eight-week-old male Wistar rats (Charles River Japan) weighing 200 to 250 g were housed in a temperatureand light-controlled room (25F1 8C; 12/12-h light/dark cycle) with normal rat chow and water given ad libitum. The rats were divided into three groups: control group (n=5) and two Ang II-infused groups with (n=11) or without (n=15) AM treatment. They were implanted with miniosmotic pumps (Alzet model 2002) under pentobarbital sodium anesthesia, that released either saline or 250 ng/kg/min Ang II for 14 days. In the Ang II-infused groups, another pump was implanted to infuse saline or 0.06 Ag/kg/min of recombinant human AM (Shionogi & Co., Japan). The dose of AM used in this study was determined by referring to our previous observation, in which cardiac remodeling after myocardial infarction was significantly inhibited without affecting systemic blood pressure [15] . Blood pressure was measured while awake at least 9 times by tail-cuff plethysmography (Softron, BP-98A), and the mean value was recorded. At day 14, the rats were killed by decapitation and trunk blood was collected for measuring AM concentration. Plasma levels of human and rat AM were determined with commercially available immunoradiometric assay kits (Shionogi & Co., Japan). After removing atria and right ventricle of the heart, left ventricle was frozen in liquid nitrogen or fixed in 10% formalin and was embedded in paraffin wax.
The present study was performed in accordance with the Animal Welfare Act and with approval of the University of Miyazaki Institutional Animal Care and Use Committee 
Histology and immunohistochemistry
Ventricular tissues, fixed in 10% formalin and embedded in paraffin, were sectioned at 2 Am thickness. After deparaffinization with xylene and graded alcohol, slides were immersed in 3% H 2 O 2 in methanol to block endogenous peroxidase activities, thereafter incubated with 5% skim milk to reduce the nonspecific background. The section slides were then stained with either antimonoclonal a-SMA antibody (Clone 1A4, DAKO) at a dilution of 1:200, or antipolyclonal TGF-h1 antibody (sc-146, Santa Cruze) at 1:100 at 4 8C. After the overnight reaction with antibodies, the slide sections were incubated with EnVision+ (DAKO) for 30 min, visualized with 0.05% 3, 3V-diaminobenzidine containing hydrogen peroxide, and counterstained with hematoxylin. For detection of Ki-67 antigen, a nuclear protein expressed in proliferating cells, tissue sections were autoclaved at 121 8C for 10 min in 10 mmol/L citrate buffer (pH 6.0) prior to incubation with primary antibody (Clone MIB-5, DAKO) at a dilution of 1:25. For the detection of collagen, slides were incubated with 0.1% picrosirius red (Direct Red 80, Sigma) dissolved in saturated picric acid for 10 min as described before [15] . The specificity of the antibody for TGF-h1 was confirmed by substitution of nonimmune rabbit serum and the absorption test as described before [16] .
Morphology and cell counting
Morphological evaluation and cell counting of coronary arteries sectioned at the middle portion in the left ventricle were performed by a single observer in a blind manner. Each section immunostained with the antibody against either Ki-67 or a-SMA was scanned at a magnification of Â200, and the number of positive cells surrounding the coronary artery was determined. At least five images of fibrosis areas surrounding the blood vessel were randomly selected from each slide, and examined using an image analysis system (Axio Vison 2.05 Carl ZEISS, Munchen, Germany) to calculate ratios of the perivascular fibrosis area to the total vascular area. To evaluate the interstitial fibrosis, collagen volume fraction in the interstitial space between myocardial fibers was determined by calculating the ratio of collagen area to the selected myocardial tissue area as previously described [15] . To measure the cardiocyte size, cross-sectional area of myocardial fiber was measured at the level of nuclei in at least 10 cardiocytes as described before [16] . Longitudinal-or oblique-sectioned cardiocytes were excluded for the analysis.
Gene expression
Gene expressions for TGF-h1 and type 1 collagen in total RNA isolated from left ventricle were measured by using real time-quantitative PCR (Prism 7700 Sequence Detector, Applied Biosystems) as previously described [17] . cDNA reverse transcribed from total RNA was amplified with the following oligonucleotide probes labeled with 6-carboxyfluorescencein as reporter fluorescence and 6-carboxy tetramethyl-rhodamine as quencher fluorescence: TGF-h1 [18] , TACGCCTGAGTGGCTGTCTTTTGA (nucleotide 985-1008); type 1 collagen [19] , ACTGGAGACAGAGGA-CCGCGTGGAC (nucleotide 103-127); 18S ribosomal RNA [20] , TGCCGACGGGCGCTGACC (nucleotide 176-193) and with the following pairs of oligonucleotides: TGF-h1 [18] , TTCCTGGCGTTACCTTGGT (nucleotide 943-961, forward primer) and GCCACTGCCGGACAACT (nucleotide 1018-1034, reverse primer); type 1 collagen [19] , TGCTGCTTGCAGTAACGTCG (nucleotide 32-51, forward primer) and TCAACACCATCTCTGCCTCG (nucleotide 148-167, reverse primer); 18S rRNA [20] , CTTTGGTCGCTCGCTCCTC (nucleotide 118-136, forward primer) and CTGACCGGGTTGGTTTTGAT (nucleotide 229-248, reverse primer). The PCR products electrophoresed were observed at the expected molecular sizes, and the gene expression levels were normalized relative to that of 18S rRNA.
Cell culture
Cultured cardiac fibroblasts of neonatal rats were prepared as previously described [13] . After achieving confluence in the DMEM/F12 medium with 10% FBS, the cells were incubated with serum-free medium containing 5 Ag/mL insulin, 5 Ag/mL transferrin, and 5 ng/mL sodium selenite for 24 h. The medium was then exchanged for fresh serum-free medium described above and incubated with or without synthetic rat AM (Peptide Institute, Osaka, Japan), recombinant human TGF-h1 or 8-bromo-cAMP (Sigma, MO, USA). In another series of experiment, H-89 (Seikagaku, Tokyo, Japan), a specific protein kinase A inhibitor, was added to culture medium at least 30 min before the incubation with AM or TGF-h1. 
Western blot
Denatured protein extract (5 Ag) from the cultured cardiac fibroblasts was subjected to sodium dodecyl sulfate-polyacrylamide gel as previously described [21] . The separated proteins were electrically transferred onto polyvinylidene difluoride (PVDF) membranes (BIO-RAD). Equal protein loading was verified by staining the gels with Coomassie brilliant blue. After blocking the nonspecific background with 5% skim milk, PVDF membranes were incubated with the anti-a-SMA monoclonal antibody at a dilution of 1:1000, followed by incubation with horseradish peroxidase-coupled second antibody. Immunoreactive bands were visualized by the ECL Plus detection kit (Amersham), and intensities of the bands were analyzed densitometrically (Chemi Dock Documentation System, BIO-RAD).
Statistical analysis
All data are expressed as meansFS.E.M. Comparisons between groups were assessed with one-way ANOVA followed by the Fisher's test. A statistical significance was accepted at pb0.05.
Results
3.
1. Systolic blood pressure, left ventricle/body weight, and cardiocyte size with Ang II did not affect systolic blood pressure significantly. In addition, Ang II significantly ( pb0.01) increased the left ventricle/body weight (LW/BW) and cross-sectional area of myocardial fiber, compared to control at day 14, without a significant difference in LV/ BW or cardiocyte size between the Ang II and Ang II+AM groups (Fig. 1B and C) . Fig. 2A and B illustrate the effects of Ang II and AM on staining for Ki-67 antigen and a-SMA in the perivascular area of coronary arteries. Ang II significantly ( pb0.01) increased the number of fibroblasts expressing Ki-67 antigen, a marker for proliferating fibroblasts, and this increase was significantly ( pb0.05) inhibited by the co-administration of AM at day 14 ( Fig. 2A) . Similarly, the Ang II-induced increase in number of the fibroblasts expressing a-SMA, a marker for myofibroblast differentiation, was significantly ( pb0.05) reduced by AM (Fig. 2B ). Fig. 3A illustrates the effects of Ang II and AM on type 1 collagen mRNA expression. The Ang II infusion significantly ( pb0.05) increased type 1 collagen expression in the left ventricle, and the co-administration of AM significantly ( pb0.05) attenuated its expression by 49% at day 14. The effects of Ang II and AM on the adventitial area surrounding the coronary arteries are shown in Fig. 3B as composite data and in Fig. 3C as representative pictures. Ang II significantly ( pb0.01) increased perivascular fibrosis at day 14, and the coadministration of AM significantly ( pb0.01) decreased it. Similarly, the Ang II infusion significantly increased interstitial fibrosis of the left ventricular myocardium (+130%, pb0.01), while AM inhibited this Ang II effect (À54%, pb0.01).
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TGF-b1 expression
As shown in Fig. 4A , Ang II significantly ( pb0.01) increased TGF-h1 gene expression in the left ventricle, while the co-administration of AM significantly ( pb0.01) attenuated its expression by 55%. Fig. 4B illustrates the distribution of TGF-h1 immunoreactivity in the coronary arteries. TGF-h1 immunoreactivity was intensely stained in the adventitial fibroblasts, as well as in vascular smooth muscle cells and myocardial fibers of the Ang II-treated rats, while those cells were faintly stained in the control and AM-treated rats. 
Plasma levels of rat and human AM
The Ang II infusion had no significant effect on the plasma levels of endogenous rat AM at day 14 (control, 4.7F0.5; Ang II, 5.0F0.3 fmol/mL). Human AM immunoreactivity was detectable only in the plasma of recombinant AM-treated rats at 0.7F0.4 fmol/mL at day 14. .05, compared to TGF-h1 plus AM. P: human aorta.
a-SMA expression in vitro
To further clarify the direct action of AM on myofibroblast phenotypic change, cultured cardiac fibroblasts were treated with TGF-h1 and/or AM to look at the expression level of a-SMA. Fig. 5A illustrates a representative Western blot and the composite data. Two ng/mL TGF-h1 significantly ( pb0.01) increased the a-SMA expression by 38% in these cells. Treatment with 10 À7 mol/L AM significantly ( pb0.01) inhibited the TGF-h1-induced a-SMA expression by 27%. Similarly, 8-bromo-cAMP, an analogue of cyclic AMP (cAMP), inhibited the a-SMA expression induced by TGF-h1 (Fig. 5B) ; while pretreatment with 10 À7 mol/L H-89, a specific protein kinase A inhibitor, significantly ( pb0.05) attenuated the action of AM (Fig. 5C ).
Discussion
In this study, we report that AM attenuates the Ang IIinduced perivascular fibrosis of coronary arteries, suppressing myofibroblast differentiation and expressions of TGFh1 and type 1 collagen, without affecting blood pressure, left ventricular weight, and cross-sectional area of myocardial fiber. Ventricular remodeling characterized by myocardial hypertrophy and fibrosis results in serious consequences for cardiac function. Remodeling of the myocardium involves alteration of the function of fibroblasts, the major cells making up two-thirds of the total cell number in the heart [22] . Fibroblasts change their phenotype to myofibroblasts capable of producing ECM proteins, and this was reported to be a critical step for progression of the fibrosis [3] . The ECM initially accumulates around coronary arteries in response to systemic hypertension and then expands into the interstitial space between myocardial fibers [2] , therefore suppressing the activation of perivascular fibroblasts might be important to attenuate the adverse remodeling. Using an Ang IIinduced hypertensive model, our study supports the previous report by Campbell et al. [7] that Ang II temporally induces the phenotypic change of fibroblasts in the rat heart.
We previously showed that synthetic AM inhibited the Ang II-induced cellular proliferation and growth of cultured cardiac fibroblasts [13] . Consistent with our previous in vitro study [13] , we observed in the present study that AM exerted an antiproliferative effect on fibroblasts as determined by the number of Ki-67-positive cells, counteracting the effect of Ang II. In addition, we demonstrated for the first time that the number of adventitial fibroblasts expressing a-SMA, a marker for fibroblast activation, significantly decreased following the AM administration. It should be noted that these AM effects were observed with little change in blood pressure and in left ventricle/body weight and size of myocardial fiber. Accordant with the in vitro study by Tomoda et al. [23] , cardiac fibroblasts may be more sensitive to AM than cardiocytes. Meanwhile, we recently reported using a rat model of myocardial infarction, that AM infusion in an acute phase of the infarction inhibited not only chronic progression of interstitial fibrosis but also of myocardial hypertrophy [15] . This seems inconsistent with the present study in terms of alleviation of cardiac hypertrophy; however, the model differs from each other and left ventricular end-diastolic pressure was lowered by the AM infusion in our myocardial infarction experiment. This difference may support the hypothesis for differential regulation of myocardial hypertrophy and fibrosis; inappropriate humoral activations stimulate myocardial fibrosis, while hemodynamic factors regulate growth of myocardial fibers [2, 10, 24] . Another possible explanation for the inconsistency may be a difference in the experimental periods of 2 vs. 9 weeks. Because humoral factors including endothelin-1 and TGF-h1 produced by cardiac fibroblasts have been reported to be involved in the cardiocyte growth in vitro [25, 26] , AM treatment for longer periods of time would reduce growth of myocardial fibers by modulating fibroblast function.
TGF-h1 plays an important role in myocardial and vascular fibrosis by stimulating the phenotypic change of fibroblasts to myofibroblasts [3] capable of producing matrix proteins. Indeed, blockage of the TGF-h1 action produced the beneficial effect on fibrosis in pressureoverloaded heart [10] . This is comparable with the report by Jesmin et al. [27] showing that the TGF-h1 immunoreactivity is intensely stained in the perivascular area as well as in the vascular wall, concomitantly with TGF-h1 gene up-regulation, in the process of vascular remodeling. In the present study, the reductions of TGF-h1 and type 1 collagen expression with reduced collagen deposition were observed in the AM-treated rats. Both TGF-h1 and AM have been reported to be expressed in a similar pattern during the development of embryonic mouse heart [28] and, in addition, von der Hardt et al. [29] reported that aerosolized AM inhibited TGF-h1 gene expression in the porcine lung. Thus, there seems to be interaction between these two growth-regulatory factors in the process of vascular remodeling.
Many of the AM actions have been shown to be mediated by accumulation of intracellular cyclic AMP (cAMP) [12] and consistent with this, significance of cAMP signaling in attenuating the myofibroblastic change was reported in lung fibroblasts [30] and in hepatic stellate cells [31] . Our in vitro experiments of this study showed that both AM and the cAMP analogue inhibited protein expression of a-SMA induced by TGF-h1 in cultured cardiac fibroblasts; while the protein kinase A inhibition reversed the action of AM. In comparison with the in vivo experiments, the much higher concentration of AM was required to see the clear suppression of a-SMA levels in cultured cardiac fibroblasts; although the present findings suggest possible involvement of the cAMP-protein kinase A pathway in attenuation of the myofibroblast differentiation by AM.
According to the recent reports, heterozygotes of AM knockout mice have shown augmented responses of interstitial or perivascular fibrosis in the myocardium of pressure overload [32] and Ang II/salt-loading hypertension [33] and of intimal hyperplasia in cuff-induced vascular injury [34] , compared to their littermates, suggesting cardiovascular protective effects of AM. The proposed mechanisms for such AM effects protective against cardiovascular remodeling are suppression of the renin-angiotensin-aldosterone system and reductions of oxidative stress and protein kinase C activity [15, [32] [33] [34] . Our present study suggests the profile of AM as an antifibrotic factor counteracting TGF-h1 action by modulating myofibroblast differentiation in the process of vascular remodeling. Meanwhile, Ang II was used to induce hypertension and coronary perivascular fibrosis in the present study, but we are unable to attribute the beneficial effects of AM to specific inhibition of the action of Ang II. These effects may be expected in other forms of hypertension; although further studies are necessary to clarify this point.
In summary, AM infusion for 2 weeks attenuated the Ang II-induced coronary matrix remodeling, suppressing fibroblast activation and expression of TGF-h1 in rats. Because AM is produced in the myocardium and vascular wall, these findings further support the notion that AM is a modulator of cardiovascular remodeling via modulation of fibroblast function.
